RM. Acclimation to decompression: stress and cytokine gene expression in rat lungs.
thereby minimizing DCS risk. Historically, abundant anecdotal evidence suggested that repeated exposures to increased pressure provided some protection against DCS (7) . In an analysis of 40,000 decompressions of caisson workers, the incidence of DCS decreased from ϳ12% to 1% over the first 10 -15 daily decompressions (5 days/wk), and this "acclimation" benefit was lost during a 2-to 10-day break from compressed air work (29) . The physiological process by which protection is imparted via repeated or prolonged exposures is called acclimation.
There have been few prospective, empirical animal studies to demonstrate the phenomenon of acclimation. A recent study by Su et al. (26) found that New Zealand white rabbits preconditioned to DCS were less susceptible to DCS after subsequent hyperbaric exposures. They also showed that heat shock protein (HSP)70 was increased in the lung, liver, and heart of animals with DCS but not in animals without DCS. Others have attempted cross-acclimation using heat stress to protect against either DCS or acute lung injury induced by exogenous administration of bubbles (pulmonary air embolism), in which the pathophysiology is similar to acute DCS (11) . They showed that prior heat shock attenuated air bubbleinduced lung injury but did not decrease the incidence of DCS.
For decades, attempts have been made to identify the mechanism(s) associated with DCS incidence and susceptibility in hopes of reducing DCS risk. With the use of an ultrasonic Doppler, an accessible indicator of bubble formation, some studies demonstrated that DCS is associated with venous intravascular bubbles (5) . However, other studies questioned the sensitivity and specificity of Doppler, showing that some divers with no or low bubble scores have DCS symptoms, whereas some with high bubble scores do not (1, 8) . More recently, it has been suggested that immune reactivity, stress responses, inflammatory reactions, microparticle generation, and endothelium dysfunction contribute to DCS pathogenic mechanisms (2, 4, 27) . Intravascular bubbles may impose a stress to tissues (22) and affect both the blood vessel luminal surfactant layer and endothelial activation, resulting in subsequent (18) platelet and leukocyte aggregation, cytokine release, complement activation, and coagulation cascades (4, 9, 30) . Additional observations implicating immune-mediated mechanisms in DCS susceptibility include altered TNF-␣ and IL-6 levels in a rat model of DCS (4) and a positive correlation between susceptibility to DCS and sensitivity to complement activation (30) .
In a recently completed series of studies, our laboratory (20, 21 ) established a rodent model of acclimation through repeated exposures to compression-decompression stress. We demon-strated that acclimation to hyperbaric and decompression stress occurs in a reliable and predictable manner. To our knowledge, this is the only study that demonstrates that acclimation can be induced by repeated exposures to compression-decompression cycles. The model provides the capability to further examine the characteristics of compression-decompression acclimation and identify what endogenous changes may confer protection against DCS. In this study, we explored the hypothesis that repeated exposure to compression-decompression stress acclimates rats to rapid decompression by inducing expression of stress-and inflammation-related genes.
METHODS

Animals.
A total of 40 male Sprague-Dawley rats (Rattus norvegicus) was used for this study. Animals were stabilized for 7 days in the animal care housing facility and maintained under a 12-h light/dark cycle with food and water ad libitum prior to any procedures. Only animals within a weight range of 240 -260 g were used, due to the impact of body weight on DCS risk (19) ; animal weight was measured daily to track any changes throughout the acclimation exposures. The experiments reported were conducted according to the principles set forth in the Guide for the Care and Use of Laboratory Animals (Institute of Laboratory Animal Resources, Commission on Life Sciences, The National Research Council, National Academy Press, Washington, DC, 1996). Before commencing, the Institutional Animal Care and Use Committee reviewed and approved all aspects of this protocol. The Institutional Animal Care facility is fully accredited by the Association for Assessment and Accreditation of Laboratory Animal Care.
Diving protocol. Details of the methods and schedule of animal exposures to acclimation and test dives have been published previously (21) and will only be summarized here. Briefly, rats were placed into a wire mesh cylindrical drum divided into five separate compartments, one rat per compartment. The drum was then placed into a hyperbaric chamber and rotated at ϳ3 m/min, requiring the rats to walk at a moderate pace during and after exposure. The chamber was compressed to either 70 feet seawater (fsw) for 30 min (acclimationdive) or 175 fsw for 60 min (test dive) and then rapidly decompressed to the surface (Ͻ15 s). The rotating drum was removed from the chamber, and animals were observed for 30 min. The drum rotation facilitated DCS scoring defined by the following signs: walking irregularities, abnormal breathing, forelimb and/or hindlimb paralysis, rolling in cage, or death (19) . Throughout these experiments, the ambient temperature inside the chamber was maintained at 28°C; ambient temperature outside the chamber was 20 -21°C.
Rats were divided into two categories: "acclimation" and "control". Acclimation animals were exposed daily (Monday-Friday) to compression-decompression stress (i.e., acclimation-dive: 70 fsw, 30 min, rapid decompression) over a 2-wk period (i.e., five exposures week 1; four exposures week 2; no exposures on weekends). Control animals were placed in hyperbaric chambers on the rotating drum but not exposed to compression-decompression stress over a similar 2-wk schedule. On day 10 (Friday of week 2), animals in each category were randomly divided into two groups: "dive" (control-dive or acclimation-dive) and "sham" (control-sham or acclimation-sham). Dive animals underwent a single test-dive profile of 175 fsw for 30 min with rapid decompression. Sham animals were placed in hyperbaric chambers but not exposed to the test-dive profile (see Table 1 for a summary description of the groups). Animals were euthanized by injection of pentobarbital either upon demonstrating signs of severe DCS (defined as either rolling in cage or death; the mean time to euthanasia of animals that suffered severe DCS was 8.33 Ϯ 2.60 min in the control-dive group and 8.00 Ϯ 2.12 min in the acclimation-dive group) or at the end of the 30-min observation period. Lung tissue was collected immediately. A portion of lung tissue was stored in RNA later (Ambion, Austin, TX), and the remainder of tissue was frozen for later use. For the purpose of analyses of data and reporting of results for this study, animals in the dive groups (which were subjected to test dives) were subsequently subdivided into subgroups based on the presence or absence of signs of DCS. A total of 24 animals was selected for gene analysis (Table 1) ; eight from the sham groups (four control-sham and four acclimation-sham; none of which incurred DCS), eight from the acclimation-dive group (four of which had incurred severe DCS), and eight from the control-dive group (three of which had incurred severe DCS and one of which had incurred mild DCS).
Gene expression by real-time PCR. Total RNA from lung tissue in RNA later was extracted by Trizol (Invitrogen, Carlsbad, CA), following the manufacturer's instructions. Qualities and quantities of RNA were checked by an Agilent 2100 bioanalyzer (Agilent Technologies, Santa Clara, CA) and NanoDrop (Thermo Scientific, Wilmington, DE); cDNA was prepared by the iScript cDNA synthesis kit (Bio-Rad Laboratories, Hercules, CA). Gene expression was assessed by the ABI Prism 7900HT sequence detection system (Applied Biosystems, Foster City, CA) using primers shown in Table 2 . cDNA was amplified at 95°C for 10 min, followed by 40 cycles for 15 s at 95°C and 1 min at 60°C. The relative expression of mRNA was normalized to the amount of ␤-actin in the same cDNA using the relative quantification ⌬⌬-comparative threshold method described by the manufacturer. Control-sham was used as calibrators to calculate relative quantitative gene expression.
Protein expression by Western blot and ELISA. Frozen lung tissues stored in Ϫ80°C were homogenized in 5 vol lysis buffer [50 mM Tris-HCl, pH 7.5, 150 mM NaCl, 1 mM EGTA, 0.25% Na/deoxycholate, 1% Nonidet P-40, 1 mM Na 3OV4, 1 mM NaF, 1ϫ protease inhibitor cocktail set V (EMD Chemicals, Gibbstown, NJ)]. Following centrifugation (12,000 g at 4°C for 15 min), the supernatant was collected. Total protein concentration was determined in duplicate using the bicinchoninic acid protein assay (Thermo Scientific), using BSA to construct the standard curve. Total protein from each sample (10 g) was loaded onto a 4 -12% Bis Tris gel (Invitrogen) and transferred to a polyvinylidene difluoride membrane. Phosphorylations of Akt (or PKB, a serine/threonine protein kinase) and MAPKs, including ERK, JNK, and p38, were determined using an antiphospho-MAPK or -Akt antibody purchased from Cell Signaling Technology (Danvers, MA). Horseradish peroxidase-conjugated goat antirabbit secondary antibody was used (Thermo Scientific). Protein bands were visualized with the chemiluminiscence detection system (Thermo Scientific). Quantification of bands was performed using a Fujifilm Imager and associated image analysis software (Fujifilm, Edison, NJ). After quantification, membranes were stripped with Restore Western blot stripping buffer (Thermo Scientific) at room temperature for 15 min and reprobed using rabbit anti-total MAPK antibody or rabbit anti-total Akt antibody to confirm equal protein loading. Detection of early growth response gene 1 (Egr-1), TNF-␣, and IL-1␤ (Santa Cruz Biotechnology, Santa Cruz, CA) was also performed with the same samples.
Quantitative ELISAs for IL-6 and IL-10 were performed using the respective ELISA kits (R&D Systems, Minneapolis, MN; BioSource Internation, Camarillo, CA). Frozen lung tissue samples were diluted 1:30 using the buffer included in the ELISA kits. To measure total IL-6 and IL-10, 50 l sample was treated with 1 l HCl (1 N) at room temperature for 15 min, followed by addition of 1 l NaOH (1 N). All ELISA samples were run in duplicate and read at 450 nm with a Microplate Reader (PerkinElmer, Waltham, MA). The lower detection limits for these kits are 125 and 15.6 pg/ml, respectively. Background absorbency of blank wells was subtracted from the standards and unknowns prior to determination of sample concentrations.
Statistical analysis. Statistical analysis was performed using GraphPad Prism 5 (GraphPad Software, La Jolla, CA) and Statistical Analysis Tools using one-way AVOVA test, followed by the Bonferroni post-test. P values Ͻ0.05 were regarded as statistically significant.
RESULTS
In this small study, we used a compression-decompression schedule, which we have previously shown to be effective in reducing the incidence of DCS (i.e., acclimation). The current study was not powered to redemonstrate that, but the relative incidence of DCS, which we observed between rats exposed to the acclimation schedule vs. controls (50% vs. 60%, respectively), is consistent with our earlier findings.
Of the genomic and proteomic systems measured in this study, all results come from lung tissues. No changes that specifically associated with acclimation alone were detected. Five stress-and inflammatory-related genes were significantly upregulated in control animals with DCS but not in acclimation animals with DCS. A single (or multiple) exposure(s) to compression-decompression activated the Akt signal transduction pathway, and activation of MAPK was associated with DCS.
Stress-and inflammatory-related gene expression. In this study, we focused on changes in 13 genes associated with inflammatory and oxidative stress-related responses. Controlsham rats were used as calibrators to calculate relative quantitative gene expression. Table 3 shows the relative gene expression levels in lungs obtained from control and acclimation animals. Most changes were relatively mild, slightly elevated (1-to 1.5-fold increase) or suppressed (0.70-to 1-fold Data represent mean relative quantitative levels of gene expression (mean Ϯ SE) from four animals per condition as compared with control-sham (i.e., animals placed in chamber but not exposed to acclimation or test hyperbaric conditions). *Mean gene expression levels were significantly different from control-sham (ANOVA; P Ͻ 0.05); †gene expression levels were significantly different from control-dive DCS (ANOVA; P Ͻ 0.05). decreased) expression. However, significant changes in expression were demonstrated in five genes from control and acclimation animals with DCS. These particular genes include the transcription factor Egr-1 and the proinflammatory cytokines IL-1␤, IL-6, IL-10, and TNF-␣.
Significantly elevated expression of immediate early gene/ transcription factor Egr-1 was observed in both control and acclimation animals that had DCS but not in non-DCS animals (Table 3 and Fig. 1A) . The increase of Egr-1 in control animals with DCS was significantly greater than the increase in acclimation animals with DCS (P Ͻ 0.05). Significantly increased (compared with control-sham) levels of TNF-␣ were observed in both control and acclimation animals with DCS (P Ͻ 0.05; Fig. 1B) . The other genes (IL-1␤, IL-6, and IL-10) were significantly increased in control-dive animals with DCS but not in any other animal groups (Fig. 1, C-E) .
Protein expression. We measured expression of Egr-1, TNF-␣, and IL-1␤ by Western blot analysis and IL-6 and IL-10 by ELISA. No Egr-1 expression was detected; TNF-␣ and IL-1␤ were expressed in all animals, but there were no significant differences in any of the groups compared with controlsham animals (data not show). ELISA analysis did not show any significant increases in IL-6 or IL-10 in any of the groups compared with control-sham animals (data not show).
Phosphorylation of rapidly activated signal transduction pathways were assessed by Western blot of Akt and MAPKs, including ERK, JNK, and p38. Significant increases in phosphorylation of Akt were observed in all groups compared with control-sham animals ( Fig. 2A) . Elevated levels of phosphorylated ERK were observed only in animals that had DCS; similar levels were seen in the control and acclimation groups (Fig. 2B) . No differences in other MAPKs (JNK and p38) were observed in any of the groups.
DISCUSSION
We previously demonstrated that rats exposed to repeated shallow dives acclimated to rapid decompressive stress (21) . Those results showed DCS in 62.5% of control animals but in only 38.8% of animals pre-exposed to an acclimation schedule. A physiological basis for the observed acclimation is not known but could involve reduced bubble formation and/or inhibited host response to bubbles (23) . The "Induction theory" described by Huang et al. (11) suggests that repetitive compression-decompression may generate protective factors that reduce the severity of acute tissue injury during subsequent bubble formation. Although the cellular mechanisms underlying acclimation are unknown, the present study detected changes in stress-and inflammation-related gene expression that suggest some potential molecular mechanisms. It should be noted that the relatively short collection period (Յ30 min after test dive) may have limited the ability to detect any acute changes in protein expression. However, the 2-wk acclimation schedule should have provided sufficient time for any persistent alteration in gene expression or protein levels to be detectable in the acclimation animals.
Of the pathways studied, no gene expression change was specifically associated with acclimation alone (unconfounded by the occurrence of DCS). Akt phosphorylation was observed in acclimation animals (acclimation-sham and acclimationdive) but was also detected at similar levels in control-dive animals as well. The common denominator for Akt phosphorylation in this study was exposure to compression-decompression stress [either multiple shallow dives (acclimation-sham) or a single deep dive (control-dive)]. Thus Akt phosphorylation may or may not represent an initial phase of the acclimation process but is not specifically associated with the acclimation state. Since Akt phosphorylation is persistent [increased expression up to 24 h (acclimation-sham)] in addition to being acute [within 30 min (control-dive)], this observation is consistent with (but not definitive of) its possible role in the acclimation process. Akt is activated by growth factors and cytokines in a phosphatidylinositol-3 kinase-dependent manner in a variety of systems (31) . Akt phosphorylation is required for heat acclimation-induced neuroprotection (25) , and HSP70 has been identified as a transcriptional target of Akt (16) . As mentioned, the occurrence of DCS is associated with increased expression of HSP70, and the presence and preconditioning of HSP70 correlates with attenuation of tissue injury upon subsequent DCS stress (26) . Although the interactions between Akt and ERK1/2 pathways have been described (13) , any role for these two signaling systems in the process of acclimation remains to be elucidated.
In this study, Egr-1 expression was observed in both control and acclimation animals that had DCS but not in animals without DCS. This suggests that Egr-1 may be considered a marker of DCS. Notably, the increase in level of Egr-1 expression in acclimation-dive animals with DCS was significantly attenuated compared with control-dive animals with DCS. Similarly, expression of four other genes-TNF-␣, IL-1␤, IL-6, and IL-10 -was also increased by DCS, with those increases seeming to be attenuated (but without statistical significance, except IL-10, which was significantly attenuated compared with control-dive animals with DCS) by acclimation for all except TNF-␣. It is known that Egr-1, a major immediate early response transcription factor, responds to a variety of stimulatory signals and pathological situations by binding to a GC-rich promoter motif to regulate the expression of multiple gene families during the onset of the general inflammatory response (10) . Egr-1 may play a role in genomic regulation in the pathophysiology of DCS, but such a role remains to be elucidated. Rapid decompression stress-induced cytokine expression has been described (4) , and the present study demonstrates that the inflammatory cytokines TNF-␣, IL-1␤, and IL-6 are upregulated in DCS. This suggests that some process that is activated in the acclimation state is able to modulate the inflammatory cytokine response that accompanies DCS.
The anti-inflammatory cytokine IL-10 has been shown to reduce inflammation in a variety of animal injury models (3, 17, 24) . IL-10 inhibits the production of TNF-␣ and other proinflammatory cytokines and can also counter-balance some adverse effects, such as mitigating oxidative stress induced by TNF-␣ (15) . In this study, the levels of IL-10 mRNA expression were high in control rats that developed DCS. However, in the acclimation animals that had DCS, IL-10 mRNA does not appear to be activated, indicating that the IL-10 response to DCS is influenced by some acclimation-related factors.
From lung tissue, we also examined protein phosphorylation in some of the well-known signal transduction pathways that could be rapidly activated by extracellular stimuli to regulate fundamental cellular functions such as cell survival. Phosphorylation of MAPKs is a key regulatory step in cell signaling during stress, particularly oxidative and heat-shock stress (12) . Their ultimate biological effects are the result of specific transcription factor activation, which in turn, may modulate cellular gene expression. Three MAPK family members have been implicated as regulators of the cellular response to stress: ERK, p38, and JNK. Although it is generally thought that they can confer a survival advantage to cells, growing evidence suggests that ERK activation also contributes to cell death (6) . In the present study, ERK1/2 was significantly activated in animals that suffered DCS (both control-dive and acclimationdive), suggesting that ERK1/2 activation may play an important role in the signaling transduction pathway of DCS. Moreover, synthesis of Egr-1 mRNA has been shown to be dependent on activation of the Ras-Raf-MEK-ERK signaling pathway (i.e., Egr-1 biosynthesis is stimulated by ERK1/2 activation) (14) . Thus as an immediate early gene transcription factor, Egr-1 may be involved in regulating the overall genomic response to DCS.
In this study, we were able to demonstrate genomic and proteomic responses that were associated with the occurrence of DCS or exposure to compression-decompression (without DCS). We were also able to demonstrate an acclimationrelated modulation of DCS-induced responses, suggesting that factors attributable to acclimation indirectly influence these pathways.
Acclimation is not an "all-or-none" phenomenon. The process of acclimation reduces the incidence of DCS, but some animals incur DCS nonetheless. It may be that the acclimation process occurs only in certain members of the population, the remainder being in some way resistant. Alternatively and perhaps more likely, members of the population may develop a raised threshold for incurring DCS but with a range of effectiveness. In this case, the observed incidence of DCS in the acclimated population will be determined by the severity of the test dive/decompression. Because our test dive was limited to only one severity, we cannot comment on whether only certain rats became "acclimated" or whether all members of the population became "acclimated" but to differing degrees. This complicates the interpretation of our gene analysis, as results from the groups that incurred DCS may reflect a state of inability to acclimate or of positive but "undetected" acclimation. Further complicating interpretation of our results is the fact that our data cannot distinguish whether the genomic/ proteomic signature of overt DCS differs from that of a subclinical, asymptomatic state, such as might be due to a subthreshold bubble load.
In summary, our findings demonstrate that compressiondecompression stress rapidly increased Akt activity. Significantly upregulated transcription of Egr-1, TNF-␣, and phosphorylation of ERK1/2 occurring in animals with DCS may therefore be molecules of interest in future studies. Upregulated cytokine IL-1␤, IL-6, and IL-10 in control animals (which got DCS) but not in acclimation animals (which got DCS), as well as significantly less-elevated Egr-1 expression in acclimation animals (which got DCS; compared with its more-pronounced elevation in control animals, which got DCS), may suggest an unmeasured molecular basis for the observed acclimation phenomenon. Although no acclimation-specific changes in gene expression were observed in the present study, the prospect that acclimation may alter some gene responses to DCS warrants further studies involving additional tissues and incorporating a wider range of genes.
